Barley yellow dwarf (BYD) is one of the most important wheat diseases in the state of Kansas. Several methods of disease management have been recommended to mitigate losses from BYD including the use of seedtreatment insecticides, delayed planting of winter wheat, and deploying cultivars with resistance to BYD. The goal of this research was to quantify the impact of these three management strategies, alone and in combination, on BYD disease progress and grain yields in Kansas. When field experiments were averaged over four years, treating seed with the insecticide imidacloprid (Gaucho) reduced the daily increase in the area under the disease progress curve (AUDPC) by 35.0% and corresponding yield losses from BYD by 16.4%. Compared with early planting, late planting reduced AUDPC by 47.9% and corresponding yield losses by 57.5%. Planting a moderately resistant cultivar reduced AUDPC by 80.9% and corresponding yield losses by 72.6% compared with a susceptible cultivar. When all three BYD management methods were combined, BYD was reduced by 95.2% and yield losses reduced by 97.1% when compared with not using any of the management methods. Therefore, integrating management practices can result in high levels of control of BYD in Kansas.
Recently, Gaunce and Bockus (2015) estimated losses for highly susceptible cultivars over a seven-year period in early-planted field experiments. Loss estimates were significant each year and ranged from 25% to 86% depending upon the year with an average loss of 49% (Gaunce and Bockus 2015) . Therefore, BYD can cause significant losses in early-planted winter wheat in Kansas in virtually any year.
There are several different methods to control BYD. The three most common methods are: (i) control of vector populations; (ii) cultural practices to avoid peak vector activity including adjusting planting dates; and (iii) deployment of disease resistance (Gray 2010) . The goal of this research was to quantify the impact of these three methods alone and in combination to determine the best strategy for wheat producers in Kansas to avoid large yield losses due to BYD.
EXPERIMENTS TO QUANTIFY DISEASE MANAGEMENT STRATEGIES
The experiments were conducted over four seasons (2011) (2012) (2013) (2014) (2015) in Chase silty clay loam (pH = 6.5) near Manhattan, KS. Each year, two identical experiments were planted near each other with an early (9 to 13 September) or late (10 to 18 October) planting date. The two planting dates represented the two extremes of when wheat would normally be planted in Kansas. The early planting date was about three weeks earlier than the normal date and mimicked what producers would do if they planned to graze the wheat (Shroyer et al. 1997) . The late planting date was about two weeks after the normal date and mimicked what producers would do if they were delaying planting to control grassy weeds, avoid insect and disease problems, waiting for adequate soil moisture, or planting wheat "double-crop" after soybeans (Shroyer et al. 1997) .
Experimental design was a randomized split-plot with three to eight cultivars as whole plots, three levels of disease as sub-plots, and five replications. Sub-plots were 1.5 by 4.6 m. Three of the cultivars were common to all years, Everest (moderately resistant check), Armour (intermediate check), and Art (susceptible check). They have KSU Cooperative Extension ratings for reaction to BYD of 4, 6, and 8, respectively, where a rating of 1 is highly resistant and a rating of 9 is highly susceptible . The three levels of disease were achieved by: (1) sowing non-treated seed with plants receiving no foliar insecticide (diseased control); (2) seed treated with Gaucho 600 [48.7% imidacloprid, 1.56 ml/kg (2.4 fl oz/cwt), highest label rate] and plants receiving no foliar insecticide (Gaucho-treated); or (3) seed treated with Gaucho and plants receiving multiple applications of the foliar insecticide cyfluthrin (Decathlon 20W, 263 g/ha) with 0.125% Induce surfactant (McKirdy and Jones 1996) . The third level of disease was designated "healthy control." For this treatment, eight or nine foliar insecticide applications were made each year beginning between 23 September and 2 October and ending between 13 April and 9 May. Applications were about two weeks apart with a lengthy period during the winter when there were no applications due to the extremely low temperatures that stopped aphid activity and when the wheat was dormant. The use of "healthy control" plots is unusual for experiments with BYD but was necessary to obtain more accurate determinations of yield losses, a major component of this research.
FIGURE 3
Red leaf symptoms on wheat due to infection by Barley yellow dwarf virus.
FIGURE 2
Yellow leaf symptoms on wheat due to infection by Barley yellow dwarf virus.
FIGURE 4
Impact of barley yellow dwarf on winter wheat; diseased plot on the left and healthy plot on the right.
The incidence of BYD caused by natural infections was visually estimated for each plot between three and six times depending upon the year. At each evaluation date, visual estimations of the percentage plants showing leaf symptoms of BYD were recorded. Estimations began when symptoms first appeared and continued at weekly intervals until the beginning of natural senescence. Harvest was between 5 June and 8 July with a plot combine. For analyses concerning disease progress, the daily increase in the area under the disease progress curve (AUDPC) was calculated. The following formula was used: {[(rating on first rating day plus rating on second rating day) divided by 2] times the number of days between rating day 1 and rating day 2} plus {[(rating on second rating day + rating on third rating day) divided by 2] times the number of days between rating day 2 and rating day 3}, etc., until all of the rating days were included in the formula. The result was then divided by the total number of days between rating day 1 and the last rating day to get a value for the daily increase in AUDPC for that plot.
The data were analyzed as a split-split-plot, with planting date as the whole-plot treatment, cultivar as the subplot treatment, and disease level as sub-subplot treatment. Planting date, cultivar, and disease level were treated as fixed effects, while year was treated as a random effect. Only cultivars that were included for at least three of the four years were included in the analyses. Disease pressure and grain yields were different each year and the inherent yield potential of each cultivar differed. Therefore, to standardize the data across all years, yield loss was expressed as a proportion of the healthy control in each whole plot [(healthy yield -yield) / healthy yield]. Analysis of disease progress (AUDPC) was performed using SAS (SAS Institute Inc., Cary, NC) PROC GLIMMIX and the Poisson distribution. Analysis of yield loss was performed using SAS PROC MIXED. Model fit was confirmed by residual evaluation in all cases.
DISEASE PRESSURE AND RATINGS
Infection by BYDV occurred due to the natural activity of various aphid species (mostly the bird cherry-oat aphid, Rhopalosiphum padi). The vectors are thought to come from native perennial grasses and volunteer host plants (McKirdy and Jones 1993; Jones et al. 1990 ). Severe BYD pressure occurred during 2012, moderate pressure during 2013, light pressure during 2014, and moderate pressure during 2015. Mean incidences recorded on the susceptible cultivar Art for the nontreated controls for the early planting date were 63, 33, 11, and 21% for 2012-2015, respectively. When averaged across all years for the susceptible cultivar Art for the early planting date, disease incidence values on the healthy control plants were only 5.9% compared with an average value of 31.9% on non-treated plants. This indicated that the seed treatment coupled with the foliar insecticide sprays resulted in high levels of control, 81.4% reduction in symptoms. Nevertheless, the estimates for yield losses reported here are slightly lower than the actual losses because control of disease in the "healthy" plots was not 100%.
RELATIONSHIP BETWEEN BYD DISEASE PROGRESS AND WHEAT YIELD LOSS
Proportional yield loss across years was related to BYD disease progress using simple linear regression (Fig. 5) . The model predicted a ~1% loss in yield for each stepwise increase in disease progress and explained 66% of the total variation in the data (P < 0.0001). This corroborates the findings of Gaunce and Bockus (2015) where there were significant correlations between disease and grain yield. Therefore, visual estimates of the percentage symptomatic plants are useful to predict the damage from BYD in Kansas.
EFFECT OF SEED TREATMENT
Seed-treatment insecticides have been shown to reduce losses from BYD in wheat in other states by affecting the aphid vectors during the early portion of the wheat plant's growth cycle. For example, Gourmet et al. (1996) reported yield increases of up to 21% with imidacloprid-treated seed on BYD-susceptible cultivars in inoculated plots. Even in non-inoculated plots, yields were increased 14% over plots sown with non-treated seed due to natural infection of BYD. Royer et al. (2005) reported that although wheat grain yields were increased with insecticide seed treatments, economic returns were inconsistent. However, if aphids were viruliferous, positive economic return was consistent in their experiments. Therefore, there are times when effective management of BYD can be achieved using insecticide seed treatments.
Results presented here also showed that imidacloprid-treated seed could lessen BYD in Kansas and result in a corresponding yield increase. When averaged over all cultivars and all years, seed treatment with Gaucho insecticide significantly (P = 0.0001) reduced the daily increase in AUDPC compared with the nontreated check (Table 1 ). The daily value was reduced from 10.54 to 6.85, a 35.0% reduction. Similarly, across all cultivars and years, Gaucho seed treatment significantly (P = 0.0200) reduced yield loss from 14.24% for the non-treated check to 11.90%, a 16.4% reduction. The average yield response compared with the diseased check was 117 kg/ha. This would pay for the cost of the treatment if the cash grain price was above $11.90/100 kg ($3.24/bu) ( Table 2 ). However, yield changes due to Gaucho were highly variable for individual cultivars at certain planting dates and during certain years (Fig. 6) . It is unknown what factors are involved in the performance of Gaucho seed treatment that would allow predictions of when economic returns would be achieved from this management strategy. Nevertheless, data reported here indicate that seed treatment with Gaucho can be a viable choice for the management of BYD in Kansas.
EFFECT OF PLANTING DATE
The barley yellow dwarf pathogens are only transmitted by their aphid vectors (Gildow 1987; Jensen and D'Arcy 1995) . Therefore, selection of a planting date to avoid peak aphid flights can help lessen the incidence and damage of BYD (Anonymous
FIGURE 5
Relationship between daily increase in barley yellow dwarf (area under the disease progress curve = AUDPC) and yield loss from the disease . 1990; Gray 2010; Royer et al. 2005) . For winter wheat, that would mean delaying planting in the fall until cooler temperatures have lessened aphid activity.
Results presented here from four years showed that late planting of winter wheat in Kansas reduced BYD compared with early planting (Tables 3 and 4 ). There was a significant reduction in disease for four of the five cultivars (Table 3) . Only 'Endurance' did not show a significant reduction in disease with late planting although the 42.4% reduction for that cultivar was close to significance (P = 0.1321). When all cultivars were combined, the daily AUDPC value was reduced by 47.9% with late planting (Table 3 ). Yield losses due to BYD were also shown to be reduced with late planting on 3 of the five cultivars (Table  4) . Reductions for these cultivars ranged from 51.0 to 63.4%. Also, when all cultivars were combined, the loss was reduced (P = 0.0847) from 18.3 to 7.8%, a reduction of 57.5%. Therefore, delayed planting, when compared with early planting, can have a large impact on BYD and resulting yield losses. Nevertheless, 
FIGURE 6
Frequency of changes in yield (kg/ha) from seed treatment with Gaucho 600 over all cultivars, planting dates, and years. The average change was 117 kg/ha. x Current cost of Gaucho 600 is $132/liter ($500/gallon); treatment rate was 157 ml/100 kg (2.4 fl oz/cwt). y Average yield increase from treatment with Gaucho was 117 kg/ha (1.74 bu/acre).
decisions to plant late should take into consideration the goals of the producer and the possible yield penalty from planting outside of the optimum time (Shroyer et al. 1997) .
EFFECT OF CULTIVAR RESISTANCE
Arguably the best management practice for BYD is the planting of resistant cultivars (Gray 2010) . In Kansas, several winter wheat cultivars have been released in recent years with improved resistance to BYD . One of these cultivars, Everest, has increased in popularity so that it has been the mostplanted cultivar in the state for the past three years. Estimations of the impact of this resistance on yield showed a 73% reduction in yield loss from the resistance level in Everest when compared with a highly susceptible cultivar (Gaunce and Bockus 2015) . Everest was used each year as the moderately resistant check in experiments reported here, where it had significant reductions in disease severity relative to the intermediate and susceptible cultivars (Table 5) . Everest had 59.0 to 80.9% less disease than these cultivars. Moderately resistant Everest also had less yield loss from BYD compared with all of the other intermediate and susceptible cultivars (Table 6 ). Losses were reduced 51.9 to 72.6% compared with the other cultivars. This latter number corroborates the 73% reduction observed by Gaunce and Bockus (2015) for moderately resistant Everest versus susceptible cultivars. Everest is rated a 4 on the 1-to-9 scale where 1 is highly resistant and 9 is highly susceptible; therefore, there is still room for significant increases in the level of resistance in wheat cultivars. Nevertheless, these results indicate that even moderate levels of resistance can have a large impact on disease development and resulting yield losses in Kansas.
INTEGRATION OF ALL THREE MANAGEMENT PRACTICES
While each of the three management practices by themselves had significant impacts on development of BYD and associated yield losses, it is also important to know what impact they would have when combined. In these experiments, there were no significant cultivar-by-treatment-by-planting date interactions for daily increases in AUDPC (P = 0.9976) or yield loss (P = 0.5525) indicating that the different management practices were additive. Therefore, comparisons were made between a susceptible cultivar (Art) sown with non-treated seed at an early planting date with a moderately resistant cultivar (Everest) sown with seed treated with Gaucho insecticide at a late planting date. Using none of the best management practices resulted in highly significant disease and loss values while using all three management practices resulted in disease and yield loss values that were not significantly different from zero (Table 7) . Combining all three management practices resulted in a 95.2% (P < 0.0001) reduction in BYD and a 97.1% (P < 0.0001) reduction in yield loss (Table  7) . Therefore, using integrated pest management of BYD can result in high levels of control. Wheat producers in Kansas should consider each of the three management practices discussed here and, in situations where BYD is expected to be problematic, they should consider integrating all three practices. y Area under the disease progress curve. z Extension rating (1 to 9) where 1 = highly resistant and 9 = highly susceptible. z Extension rating (1 to 9) where 1 = highly resistant and 9 = highly susceptible.
